Graphene oxide (GO) is a nanomaterial that has attracted interdisciplinary attention for its broad applications across the elds of physics, chemistry and medicine. [1] [2] [3] [4] It can be prepared from graphite in large amounts and processed from solution.
5
The treatment of GO by thermal methods or by reducing agents yields an electrically conductive graphene-based material. 6 Furthermore, single layers of graphene with tunable defect density and electronic properties can be obtained from GO.
7,8
Despite its great promise, chemical functionalization of GO is still in its early stage, and novel chemical tools for the modication of GO are demanded. 9 For example, new molecular architectures of graphene-or GO-based materials are highly desired in the eld of sensors or to alter the electronic properties of graphene. 10, 11 Among a variety of functionalization methods for graphene-based materials, the use of nitrogen containing reagents has attracted great attention. Hydrazine has been utilized to reduce GO to restore sp 2 conjugation.
12
Production of high quality N-doped graphene was achieved in recent years by growing graphene using chemical vapor deposition using ammonia as the doping source. 11,13 N-doping within the carbon framework of graphene highly improves probing of organic molecules by graphene-enhanced Raman spectroscopy. 13 Approaches using GO as a precursor for N-doping lead to graphene that is rather N-doped due to functionalization at edges of defects than within the carbon framework.
14-16 These materials perform well for rewritable nonvolatile memories or n-type eld effect transistors through reactions with a dimethylformamide or amino-benzene moiety. 15, 16 Nevertheless, one general drawback for making functionalized GO with these relatively reactive nitrogen containing reagents is its limited thermal stability and the dynamic change of GO's chemical structure in aqueous media.
17-19
Therefore, GO decomposes in water, and permanent defects are introduced in an uncontrolled manner by the cleavage of the carbon framework. 19 Thus, chemical functionalization, while preserving the carbon backbone, is one of the major challenges for preparing new GO-based molecular architectures with a controlled structure. Hence, we recently altered the synthetic protocol for the preparation of GO yielding a type of GO that exhibits an almost preserved carbon skeleton as a consequence of preventing the evolution of CO 2 during synthesis.
7 This material is highly reducible and the highest charge carrier mobility values exceeding 1000 cm 2 V À1 s À1 could be measured.
Further on, we realized that puried GO bears organosulfate groups on the basal plane as part of its chemical structure, in addition to epoxy and hydroxyl groups as described earlier.
20-23
With this new type of GO in hand, here we introduce a novel synthetic path to functionalize GO in a controlled manner through selectively functionalizing the basal plane of GO with azide. This product azide-functionalized GO (GO-N 3 ) provides a versatile reactive motif for further chemical reactions such as "click" reactions or heterocycle formation. 24 We also give insight into the reaction mechanism that involves substitution of organosulfate and a small number of oxides by azide groups (Scheme 1). 20 Our study is based on complementary analysis including thermogravimetry coupled with mass spectrometry (TG-MS), solid-state NMR (SSNMR) or Fourier transform infrared spectroscopy (FTIR). Importantly, we report that introducing azide at low temperature allows one to functionalize GO while largely preventing the decomposition of the basic structural frame of GO unlike previously proposed chemical or thermochemical reactions to modify GO. Furthermore, cleavage of N 2 from azide followed by N-insertion within the carbon s-bonds is expected to be an entry to N-doped graphene. Opening this eld may result in new materials for charge storage devices, selective sensors or n-type transistors of high performance.
GO was prepared by a modied Hummers' method that prevents the s-framework of carbon atoms from rupture on the few nm scale. 7 Moreover, organosulfate groups in addition to epoxy and hydroxyl groups remain stable in aqueous solution at least for months if stored at <10
C. 20 Thus, we nd a sulfur content of about 5% by elemental analysis as part of the structure of GO. At rst, we investigated the reaction of GO by FTIR spectroscopy on ZnSe windows. The amount of sodium azide added to a dispersion of GO was altered between 8% and 42%. As shown in Fig. S1A † we nd two absorptions at 2123 cm À1 and 2065 cm À1 that originate from the stretching mode of chemically bound azide to GO and excess sodium azide, respectively. With increasing excess of sodium azide the absorption at 2065 cm À1 develops. With respect to these results we tried to isolate GO-N 3 from solution by centrifugation. We puried the centrifuged material several times with water. Surprisingly, the nal product did not show signals between 2000 and 2200 cm À1 . From this experiment we concluded that the reaction does not proceed in solution but only in the solid state during drying of the dispersion on ZnSe used for FTIR spectroscopy. Because of that, a dispersion of GO and sodium azide was freeze-dried aer mixing both using 0.8 mg sodium azide and 1 mg GO. Aer freeze-drying the material was puried by repeated centrifugation and redispersion in water and this time the reaction was successful. The nal GO-N 3 was freezedried again and the FTIR spectrum proves the azide functionalization as shown in Fig. 1A (black) . Thus, we conclude that GO-N 3 is hydrolytically stable at room-temperature. To further conrm the origin of the FTIR absorption at 2123 cm À1 we repeated the functionalization experiment using Na 15 N 14 N 2 and found a 11 cm À1 shied stretching vibration of azide at 2112 cm À1 Fig. 1A (red).
To give further evidence of the controlled mild functionalization of GO with azide we used TG-MS analysis. As shown in This is an indication for GO-N 3 being highly functionalized with oxygen carrying groups in contrast to earlier reports. 25 However, in contrast to GO-N 3 , the educt GO exhibits an additional weight-loss step above 200 C that we recently assigned to the decomposition of organosulfate. 20 This organosulfate can be identied in GO by the evolution of SO 2 up to 300 C during TG-MS analysis (m/z 64, Fig. S2 †) . TG-MS analysis for GO-N 3 reveals no SO 2 evolution. These observations can be explained by the exchange of organosulfate with azide. To further prove this exchange we analyzed the supernatant aer centrifugation of GO-N 3 from the dispersed freeze dried GO-NaN 3 reaction mixture. We allowed the supernatant to dry in air and dissolved the residue in 1 M Scheme 1 Illustration of the reaction of sodium azide with GO; substitution of organosulfate and assumedly epoxy groups by azide. HCl. To verify the existence of sulfate we added 0.1 M BaCl 2 , ltered the precipitate, washed with water and dried it at 160 C.
Aer that BaSO 4 was identied by ATR-FTIR and the signature was compared to freshly precipitated BaSO 4 prepared from Na 2 SO 4 and BaCl 2 (Fig. S3 †) . Elemental analyses of GO and GO-N 3 give insight into the proceeded reaction. On the one hand, the nitrogen content increases from 0.0% to 4.1% and on the other hand the sulfur content is reduced from 3.6% for GO to 1.7% for GO-N 3 . The residual sulfur may originate from inorganic sulphate to some extent and is indicated by the weight-loss detected at about 700 C (Fig. 2B ). Using these data we estimate that there is about one azide group on 30 C-Atoms in GO-N 3 .
To nd further evidence for the azide functionalization of GO we conducted 15 N SSNMR analysis. This technique was effectively used to evaluate the structural properties of reduced GO that was obtained by the reaction of All the analytical results indicate that a large amount of organosulfate becomes accessible for azide to be substituted (Scheme 1). Since azide is a good anionic nucleophile and anionic organosulfate is present on both sides of GO's carbon backbone, a reaction in solution is hindered by steric effects and especially due to electrostatic repulsion. Thus, this is an explanation why the reaction of sodium azide and GO was conducted at high temperature and why long reaction times had been necessary causing signicant decomposition as reported by Salvio et al. 25 Furthermore, Salvio et al. proposed "click" reactions, which however proceed rather at edges than on the surface of GO. Such chemistry is not effective to develop GO based materials with minimal defects. Whereas, in the solid state the situation is different and since azide is adsorbed on the surface of GO the local azide concentration is very high and therefore, organosulfate can now react as a leaving group assuming a nucleophilic reaction. Besides, we assume that few epoxy groups can act as reaction partners as well, as indicated in Scheme 1. Finally, we tested the thermal stability of GO-N 3 both in solids and in aqueous dispersion (Fig. S4 †) . In solids we nd that degradation of GO-N 3 starts at about 80 C. The degradation is indicated by CO 2 formation and the CO 2 is trapped between layers of the GO-N 3 lm. This trapped CO 2 is analytically accessible for FTIR analysis (Fig. S4A †) . 18 At higher temperature azide bound to GO degrades in agreement with TG-MS analysis (Fig. 1B) . Next, GO-N 3 was treated for 30 min at a certain temperature with water. We nd that azide in GO-N 3 is cleaved in aqueous dispersion starting at 80 C and especially at 100 C, as indicated by the FTIR vibration at 2058 cm À1 (Fig. S4B †) . Aer 16 h of treatment little degradation is indicated for the 60 C sample, and for the 80 C sample decomposition is detected (Fig. S5 †) . These results reveal that GO-N 3 is hydrolytically stable in a range between room temperature and 60 C, which has been utilized in azide-based chemistry such as "click" reactions. Thus, thermal activation can be used when adopting GO-N 3 as a precursor for other reactions as long as attention is paid to the compound stability.
Conclusions
We successfully established the direct functionalization of GO with N 3 preserving functional groups in GO for the rst time. Our analysis is based on FTIR, TG-MS, EA and 15 N SSNMR to prove the successful functionalization of GO using reactions at low temperature in solids. This new method preserves thermally unstable groups present in GO as indicated by TG-MS analysis. Moreover, azide is predominately located on the surface of GO and not at edges. Although edge structures of GO involving chemical species such as carbonyl and carboxyl groups have been reported, 27 the possibility of the reactions of such edge species with azide will be examined in our future studies. Based on our ndings we estimate approximately one azide group on 30 carbon atoms. Further on, the azide group in GO-N 3 is hydrolytically stable up to 60 C and therefore we believe that GO-N 3 is a suitable precursor for other reactions, opening an avenue for the eld of azide chemistry for graphene-based materials. Further development will lead to n-doped graphene, amine functionalized graphene aer reduction or positively charged graphene aer quarterisation. Besides, "click" reactions and Staudinger reactions become feasible to generate molecular architectures while the basic structure of GO is preserved. Further development of mild reactions with GO is highly demanded to nd an access to highly conductive and functionalized graphene. Such new structures may e.g. make new sensor materials possible based on GO-N 3 that selectively bind substrates and thus potentially enhance the eld of medical applications. Another possible research eld may be the development of n-type transistors with enhanced charge carrier mobility values.
